A small subset of ganglion cells in the mammalian retina express the photopigment melanopsin and are intrinsically photosensitive (ipRGCs). These cells are the primary conduits through which photic information is relayed to non-image-forming visual centers that mediate behaviors such as the pupillary light reflex and circadian entrainment. M1 and M2 cells comprise distinct morphological subpopulations of ipRGC, and possess physiological diversity in their intrinsic membrane properties and intrinsic light responses. Additionally, evidence now indicates that all ipRGCs receive photic information from rods/cones via synaptic signaling. It has recently been reported that Off-stratifying M1 cells paradoxically receive input from the On pathway within the Off sublamina of the inner plexiform layer. The purpose of the current study was to examine the functional consequences of cone pathway signaling to M1 and M2 cells. Using pharmacological tools and single-cell recordings of synaptic responses in wild-type and melanopsin-null mice, we found that the On pathway forms the primary excitatory synaptic input to both M1 and M2 cells. This input was much more influential in shaping the light-evoked responses and resting membrane properties of M2 cells than M1 cells. These findings indicate a surprising differential reliance upon cone-mediated phototransduction by ipRGC subpopulations. These findings also suggest that ipRGC subtypes signal diverse photic information to various non-image-forming visual centers.
Introduction
In mammals, environmental irradiance information is conveyed to non-image-forming centers in the brain primarily by a small population of retinal ganglion cells (RGCs) that express the photopigment melanopsin, rendering them intrinsically photosensitive (ipRGCs) Hattar et al., 2002) . A growing body of evidence indicates that ipRGCs also receive and integrate photic information from rods and cones via synaptic influences (Dacey et al., 2005; Wong et al., 2007; Göz et al., 2008; Güler et al., 2008; Hatori et al., 2008; Schmidt et al., 2008; Pickard et al., 2009) . ipRGCs project to brain areas involved in non-imageforming vision such as the olivary pretectal nucleus (OPN), which drives the pupillary light reflex, and the suprachiasmatic nucleus of the hypothalamus (SCN) which houses the main circadian pacemaker in the brain (Gooley et al., 2001 (Gooley et al., , 2003 Hattar et al., 2002 Hattar et al., , 2006 Hannibal and Fahrenkrug, 2004; Baver et al., 2008) .
Segregation of RGC dendrites in the retina is correlated with functional roles (Wässle, 2004) . RGCs stratifying in the inner half of the inner plexiform layer (IPL) signal light increases via synaptic inputs from On bipolar cells (BCs) . RGCs stratifying in the outer half of the IPL signal light decrements via synaptic inputs from Off BCs. ipRGCs can be divided into distinct subpopulations with distinct dendritic arborization within the IPL: M1 cells with dendrites stratifying in the Off sublamina of the IPL, M2,4,5 cells with dendrites stratifying in the On sublamina of the IPL, and bistratified (M3) ipRGCs with dendrites stratifying in both the On and Off sublaminas (Warren et al., 2003; Viney et al., 2007; Baver et al., 2008; Schmidt et al., 2008; Schmidt and Kofuji, 2009; Ecker et al., 2010) . Surprisingly, M1 cells have recently been shown to receive synaptic inputs from On BCs within the Off sublamina (Dumitrescu et al., 2009; Hoshi et al., 2009 ). However, the functional consequences of this atypical On-pathway input for the M1 cell light response have yet to be examined in detail. Furthermore, though On-stratifying M2 cells presumably receive On-pathway input, this has not been confirmed nor have the functional consequences of that input been addressed. M1 and M2 cells have been shown to have marked differences in their morphology, intrinsic membrane properties, and intrinsic light response (Schmidt and Kofuji, 2009) , thus synaptic inputs could drastically and differentially affect the output of these physiologically and morphologically distinct ipRGC subtypes.
In the present study, we examined the functional influence of the cone-mediated On pathway in shaping the light-evoked and resting discharge of M1 and M2 cells. We demonstrate that the On pathway forms the primary excitatory synaptic input to both M1 and M2 cells. We find that this input is more influential in shaping the light-evoked and resting properties of M2 cells. M1 cells, however, rely primarily on the intrinsic photoreceptive system to respond to light stimulation. These results support the conclusion that ipRGC subpopulations signal distinct light information to various non-image-forming centers in the brain.
Materials and Methods
Animals. Recordings were performed on postnatal (P) 25-40 animals from the Opn4-EGFP mouse line described previously (Schmidt et al., 2008) as well as Opn4-EGFP mice crossed with animals on an Opn4 Ϫ/Ϫ background provided by Dr. King-Wai Yau, Johns Hopkins University (Baltimore, MD) (Hattar et al., 2002) . Animals were cared for in accordance with guidelines described in Guide for the Care and Use of Laboratory Animals, using protocols approved by the University of Minnesota Institutional Animal Care and Use Committee.
Electrophysiology. Dissections were performed as described previously (Schmidt et al., 2008) . Briefly, animals were killed by CO 2 asphyxiation and the eyes were enucleated in a dark room with minimal ambient light. Retinas were removed from eyecups under a standard dissection scope and placed in 95% O 2 -5%CO 2 bicarbonate buffered Ames' solution (Sigma) at room temperature. Before recording, retinas were treated with Ames' solution containing collagenase/hyaluronidase (240 and 1000 U/ml, respectively) at room temperature for 15 min to remove vitreous. Recordings were performed using an Axon 700B Amplifier (Molecular Devices) with extracellular solution containing 95% O 2 -5%CO 2 bicarbonate buffered Ames' solution at room temperature, which allowed for stable and robust synaptic responses. Recordings were made with fire-polished borosilicate pipettes (3-7 M⍀; Sutter Instruments). For current-clamp recordings, pipettes were filled with (in mM): 125 K-gluconate, 2 CaCl 2 , 2 MgCl 2 , 10 EGTA, 10 HEPES, 0.5 NaGTP, and 2 Na 2 ATP, pH to 7.2, with KOH. For voltage-clamp recordings, pipettes were filled with (in mM): 120 Cs methanesulfonate 2 MgCl 2, 5 HEPES, 5 EGTA, 0.5 CaCl 2 , 1 Na 2 ATP, 0.5 NaGTP, 2QX314, 5 TEA-Cl, 1 4-AP, pH to 7.2, with CsOH. Intracellular solutions also contained 10 -20 M Alexa Fluor-594 hydrazide (AF-594) (Invitrogen) and following recording dendritic stratification was classified by focusing in the proximal and distal layers of the IPL under epifluorescent illumination at 594 nm (Schmidt and Kofuji, 2009) . Cells monostratifying in the Off sublamina were classified as M1 while cells monostratifying in the On sublamina were classified as M2. It is thus possible that the newly characterized M4 cells were included in our sample of M2 cells (Ecker et al., 2010) . If a cell was bistratified or if its stratification could not be clearly identified, that cell was excluded from subsequent analyses. Current and voltage acquisitions were performed with a Digidata 1322 D/A and A/D converter connected to a personal computer running pClamp 10 software (Molecular Devices). Liquid junction potentials between the bath and electrode (14 mV for current-clamp and 13 mV for voltage-clamp solutions) were calculated using the Liquid Junction Potential Calculator (pClamp 10) and were corrected for in all recordings. Retinas were allowed to dark adapt for 5 min before the first light stimulus, and any stimuli were placed 5 min apart to allow the cell membrane potential to return completely to baseline.
Whole-cell currents were analyzed off-line with Clampfit (Molecular Devices) or Igor Pro 6.0 over a 0.1 s sliding time window, and membrane potential values were measured from raw traces over a 1 s sliding time window to maximize the signal-to-noise ratio using Igor Pro 6.0. Resting membrane potential (V m ) values were calculated by taking the average membrane voltage of the first 10 s of baseline before any light stimulation. For light response experiments if a cell's resting V m did not reach Ϫ40 mV negative current was injected to bring the V m to ϳϪ60 mV.
Series resistance was noted in all recordings, but uncompensated and only recordings with series resistance of Ͻ30 M⍀ were included for analysis. Cell capacitance (C m ) and input resistance (R N ) were calculated from those currents evoked by stepping the cell potential to a 10 mV hyperpolarized value for 20 ms from a holding potential of Ϫ60 mV. Charge Q was estimated by time integration of evoked current during the step voltage. R N was estimated from the steady-state evoked current during the step voltage. Light responses were defined as the maximum depolarization of the averaged trace during the first 30 s following light onset. Maximum (Max) current was defined as the maximum inward current measured from the 0.1 s smoothed trace during the 10 s light stimulus and total charge was calculated from the area measured during the 10 s light stimuli. For voltage-clamp experiments, the 10 s before light stimulation was defined as baseline and set as the 0 current level. Irradiance-response experiments were performed and analyzed as described previously (Schmidt et al., 2008) . For kinetics measurements, rise time (RT) was defined as the time for the cell membrane potential or whole-cell current to go from 10 to 90% of maximum, and decay time (DT) was defined as the time for recording to decline to 37% of the maximum value following light offset.
Curve fits for normalized, averaged irradiance-response data were determined by nonlinear regression using Origin 7.0 (MicroCal) according to the logistic dose-response function: photons ⅐ cm Ϫ2 ⅐ s Ϫ1 measured at 480, 500, and 360 nm respectively by interposing a narrow bandpass filter) delivered using a xenon lamp feeding the camera port. The field of the stimulus was sufficiently large to encompass the entire ipRGC arbors, and the focal plane of the stimulus was in the ganglion cell layer. A filter wheel fitted with various narrow bandpass (10 nm bandwidth) and neutral-density filters (Chroma Technologies) and shutter (Lambda-3, Sutter Instruments) was used to control the intensity and duration of light stimuli. White light was used in most experiments so as to not preferentially activate either the melanopsin, M-cone, or rod photopigments, and so light intensities are reported in terms of the log relative intensity (log I ) for white-light experiments. For single intensity experiments, stimuli were delivered at Ϫ2 log I . Irradiance measurements were made with a calibrated radiometer model S370 (UDT Instruments). In spectral experiments, cells were stimuluated with full-field light at 360 nm or 500 light. Neutral density filters were interposed in the light path resulting in stimulation intensities of Ϫ4.5, Ϫ3.0, Ϫ2,5, Ϫ2.0, Ϫ1.5, Ϫ1.0, Ϫ0.5, and Ϫ0 log I for 360 nm and Ϫ7.5 to Ϫ0 log I (increasing in intensity by 0.5 log I /stimulation) for 500 nm stimuli. Threshold was defined as the intensity at which a light-evoked depolarization was first visible. The first stimulus of each wavelength was subthreshold and elicited no response in any cells tested. Though gradients of expression in M and S pigments have been demonstrated across the retina (Applebury et al., 2000) , we did not preferentially sample cells based on region.
For experiments where V m was measured before and after L-AP4 application, cells were allowed 5-10 min of dark adaptation until a stable membrane potential was attained. After recording several minutes of baseline, recording continued as L-AP4 was applied and the cell was again allowed to attain a stable V m . L-AP4 was then washed off and the cell V m allowed to stabilize. Current was never injected in experiments where V m was the variable being measured, and in this case cells where the V m did not reach Ϫ40 mV were discarded.
Loose patch recordings were performed by obtaining a 100 -700 M⍀ seal and recording in voltage-clamp mode with a holding potential of 0 mV. Cell-attached recordings were performed by obtaining a Ն 1 G⍀ seal and recording in voltage-clamp mode with a holding current equal to that of the membrane potential (Perkins, 2006) . Pipette solution consisted of (in mM) 150 NaCl, 10 HEPES.
Statistical analyses were performed using Origin 7.5 (MicroCal). Statistical comparison of means was performed using a Student's t test or one-way ANOVA with Tukey's post hoc test and significance was concluded when p Ͻ 0.05. Data are presented as mean Ϯ SE.
Pharmacology. L-2-Amino-4-phosphonobutyrate (L-AP4), 100 M, a group III metabotropic glutamate receptor (mGluR) agonist (Tocris Bioscience) that blocks photoreceptor to On bipolar cell signaling (Slaughter and Miller, 1981) , was sometimes included in the bath solution and used to silence On-pathway inputs.
In some experiments, we used ionic Ames' media (Do et al., 2009) , in which all calcium is replaced with cobalt to block synaptic transmission (in mM): 120 NaCl, 23 NaHCO 3 , 3.1 KCl, 0.5 KH 2 PO 4 , 2 CoCl 2 , 1.2 MgSO 4 , 6 glucose. Ionic Ames' also differs from commercially available Ames' in that it is lacking the array of amino acids including L-glutamine. DL-2-Amino-4-phosphonobutyrate (DL-AP4), 250 M (a group III metabotropic glutamate receptor (mGluR) agonist) (Tocris Bioscience), was then bath applied to ensure no effect of this drug on resting membrane potential.
Immunocytochemistry. Immunocytochemistry, neurobiotin filling and image analysis of retinas were performed as published previously (Schmidt et al., 2008) . Cells were filled with 0.3% neurobiotin (Vector Labs) and visualized using Alexa Fluor-594-conjugated streptavidin (Invitrogen). Goat anti-choline acetyltransferase (ChAT) was used to stain cholinergic amacrine cells (Millipore) and visualized with Alexa-488-conjugated donkey anti-goat secondary antibody (Invitrogen). Colocalization of EGFP and Melanopsin immunostaining was performed using a custommade antibody raised in rabbit to the N terminus region of the mouse melanopsin protein and goat anti-GFP conjugated to FITC primary antibodies, as well as Alexa-594-conjugated anti-rabbit secondary antibody. Image acquisition was performed on an upright Olympus Fluoview 1000 laser scanning confocal microscope (Olympus) ImageJ was used to adjust image brightness and contrast (http://rsb.info.nih.gov/ij/) and neurons were traced and analyzed using NeuroLucida (MicroBrightField).
Results

M1 and M2 cells retain similar morphology and intrinsic membrane properties in Opn4
؊/؊ mice The purpose of this study was to examine the functional consequences of outer retinal signaling on ipRGCs. Because ipRGCs integrate synaptic input with their intrinsic, melanopsin-mediated photoresponse, it is difficult to measure synaptic inputs to ipRGCs in isolation. To circumvent this problem, we examined the light-evoked responses of ipRGCs in a mouse line which lacked expression of melanopsin (Opn4 Ϫ/Ϫ mouse line where the melanopsin gene is replaced by a taulacZ coding sequence, generously provided by Dr. King-Wai Yau, Johns Hopkins University, Baltimore, MD) (Hattar et al., 2002) . To identify and target these cells for single cell electrophysiological recordings, we crossed the Opn4 Ϫ/Ϫ mouse line with the previously characterized mouse line in which ipRGCs are labeled in vivo with enhanced green fluorescent protein (EGFP) (Schmidt et al., 2008) . This strategy allowed us to identify and record from ipRGCs lacking the melanopsin protein and thus any intrinsic photosensitivity (Hattar et al., 2002) . As expected, we observed excellent colocalization of EGFP and melanopsin in EGFP-Opn4 ϩ/Ϫ mice, with 242/250 (97%) of melanopsin-positive cells costaining for EGFP, indicating the EGFP continues to reliably label ipRGCs in the Opn4 Ϫ/ Ϫmouse line (data not shown).
We first wanted to confirm that both M1 cells, with dendrites that stratify in the Off sublamina, and M2 cells, with dendrites that stratify in the On sublamina, are present in the Opn4 Ϫ/Ϫ mouse because it has been reported that tau-lacZ labels only the dendrites of M1 cells (Hattar et al., 2002 (Hattar et al., , 2006 Baver et al., 2008) in Opn4 Ϫ/Ϫ mice. To test this, we recorded from EGFPpositive cells in Opn4 Ϫ/Ϫ mice with neurobiotin-filled pipettes. We then processed these retinas for expression of ChAT, a marker of cholinergic amacrine cells whose cell bodies are found in both the ganglion cell layer and inner nuclear layer (INL), and visualized neurobiotin-filled cells with Alexa Fluor-594-conjugated streptavidin. The plexuses of cholinergic amacrine cells served as a visual marker for the Off and On sublaminas of the IPL. Neurobiotin-filled EGFP-positive cells revealed both
Off-and On-stratifying cells in the Opn4
Ϫ/Ϫ mouse, consistent with the presence of M1 and M2 subtypes in mice lacking expression of the melanopsin protein ( Fig. 1 A,B) .
Before examining the role of synaptic inputs in mediating the light-evoked responses of ipRGCs in the Opn4 Ϫ/Ϫ mice, we needed first to examine whether ipRGCs develop normally in these mice. We performed a quantitative examination of the morphological features of ipRGCs in Opn4 Ϫ/Ϫ mice at adult stages and compared them with those obtained in wild-type (WT) mice to test for morphological abnormalities (Fig. 1) . Individual cells filled with neurobiotin were imaged and tracings were created to obtain an estimation of M1 and M2 cell soma size and dendritic field properties. M1 cells in the WT and Opn4 Ϫ/Ϫ mice were similar in terms of their dendritic field diameter (WT: 391.2 Ϯ 24.5 m, n ϭ 12; Opn4 Ϫ/Ϫ : 421.1 Ϯ 35.8 m, n ϭ 9, p Ͼ 0.05, t test), total dendritic length (WT: 2846.1 Ϯ 379.0 m, n ϭ 12; Opn4 Ϫ/Ϫ : 2740.1 Ϯ 278.2 m, n ϭ 9, p Ͼ 0.05, t test), and soma diameter (WT: 16.9 Ϯ 0.7 m, n ϭ 12; Opn4 Ϫ/Ϫ : 16.8 Ϯ 0.6 m, n ϭ 9, p Ͼ 0.05, t test). M2 cells were also similar in WT and Opn4 Ϫ/Ϫ mice in their dendritic field diameter (WT: 445.4 Ϯ 18.8 m, n ϭ 7; Opn4 Ϫ/Ϫ : 486.5 Ϯ 22.1 m, n ϭ 11, p Ͼ 0.05, t test), total dendritic length (WT: 4919.8 Ϯ 273.5 m, n ϭ 7; Opn4 Ϫ/Ϫ : 5244.8 Ϯ 314.4 m, n ϭ 11, p Ͼ 0.05, t test), and soma diameter (WT: 20.0 Ϯ 0.6 m, n ϭ 7; Opn4 Ϫ/Ϫ : 20.8 Ϯ 0.6 m, n ϭ 11, p Ͼ 0.05, t test). Furthermore, when we analyzed the dendritic arbor complexity of ipRGCs using Sholl analysis, we found that M1 and M2 cells were similar between WT and Opn4 Ϫ/Ϫ (Fig. 1C,D) , demonstrating that ipRGCs develop normal morphology in the absence of the melanopsin protein.
To examine possible functional changes in Opn4 Ϫ/Ϫ ipRGCs, we determined ipRGC intrinsic membrane properties and compared them with those in WT mice. We found that C m and R N of M1 cells in WT (C m ϭ 26.7 Ϯ 2.2 pF, n ϭ 12; R N ϭ 1027.6 Ϯ 111.3 M⍀, n ϭ 12) were not significantly different from M1 cells in the Opn4 Ϫ/Ϫ mouse (C m ϭ 25.0 Ϯ 2.2 pF, n ϭ 8, p Ͼ 0.05, t test; R N ϭ 1302.9 Ϯ 173.0 M⍀, n ϭ 8, p Ͼ 0.05, t test). Similarly, in M2 cells, C m and R N were not significantly different between WT (C m ϭ 37.8 Ϯ 2.5 pF, n ϭ 15; R N ϭ 297.3 Ϯ 18.3 M⍀, n ϭ 15) and Opn4 Ϫ/Ϫ (C m ϭ 31.1 Ϯ 2.7 pF, n ϭ 7, p Ͼ 0.05, t test; R N ϭ 266.9 Ϯ 25.7 M⍀, n ϭ 7, p Ͼ 0.05, t test). Consequently, lack of melanopsin expression in ipRGCs and therefore intrinsic photosensitivity did not affect the overall development of these cells, at least in regard to their structure and intrinsic membrane properties.
The On pathway is the primary synaptic input to both M1 and M2 cells Because M1 and M2 ipRGCs show apparently normal development in Opn4
Ϫ/Ϫ animals, we proceeded to examine the lightevoked synaptic currents in Opn4 Ϫ/Ϫ ipRGCs. We performed whole-cell voltage-clamp recordings in intact retinas from Opn4 Ϫ/Ϫ mice. M1 and M2 cells were held at Ϫ73 mV and then light-evoked responses were recorded to a 10 s, bright, full-field, white light stimulus. Alexa Fluor-594 dye was included in the pipette solution for these and all subsequent recordings so that following recordings, ipRGC subtypes could be identified using epifluorescence at 594 nm (Schmidt and Kofuji, 2009) . Figure 2 shows examples of this experiment. Both M1 and M2 cells responded to light stimulation with an inward current at light onset ( Fig. 2 A,B) . Light-evoked currents in both M1 and M2 cells were sustained during the 10 s light stimulus although the currents decreased in amplitude during this time period. To test whether the light responses were mediated by the On pathway, we subsequently added L-(ϩ)-2-4-amino-4-phosphonobutyric acid (L-AP4) to the bath solution. L-AP4 is an agonist of the mGluR6 receptor and blocks the transmission of signals between rods/cones and On BCs (Slaughter and Miller, 1981) . Light-evoked currents in both M1 cells and M2 cells were completely abolished upon L-AP4 application (Fig. 2 A-C; M1: n ϭ 5, M2: n ϭ 4). The notable difference between the light-responses evoked in M1 and M2 cells was in their magnitude. Light-evoked currents amounted to only Ϫ58 Ϯ 25.5 pA in M1 cells (n ϭ 10) while in M2 cells they amounted to Ϫ200.3 Ϯ 33.3 pA (n ϭ 8). These results indicate that the On pathway does indeed signal light increases to ipRGCs by eliciting fast synaptic currents, albeit of distinct magnitude, in M1 and M2 cells.
To examine the efficiency of synaptically mediated signaling to M1 and M2 cells, we performed whole-cell current-clamp recordings of light-evoked responses to 5 or 10 s light stimuli of ipRGCs in the Opn4 Ϫ/Ϫ mouse. We found that all M1 cells responded to the light stimulus, but with a relatively weak depolarization that was somewhat sustained throughout the light stimulus and did not persist following stimulus offset (Fig. 3A) .
M2 cells in the Opn4
Ϫ/Ϫ mouse, in contrast, responded to bright white-light with large, fast, and sustained depolarizations that terminated quickly following stimulus offset (Fig. 3B) . M2 cells had a significantly larger light-evoked maximum depolarization to a 5 s bright white-light stimulus than did M1 cells (M1: 13.1 Ϯ 3.3 mV, n ϭ 8; M2: 25.3 Ϯ 2.4 mV, n ϭ 7, p Ͻ 0.05). In general we observed more robust light-evoked action potential discharge in M2 than M1 cells, consistent with previous reports that M2 cells attain higher firing frequencies than M1 cells (Schmidt and Kofuji, 2009) . As expected, light responses were completely and reversibly abolished for both M1 (n ϭ 3) and M2 cells (n ϭ 3) in the presence of L-AP4 (Fig. 3A,B) . These and the previous results indicate that the outer retinal input to ipRGCs is able to evoke light-mediated depolarization in both ipRGC subtypes, but that these responses are significantly larger in M2 than M1 cells. Differences in synaptic responses observed between M1 and M2 cells were not due to temperature because when preparations were acutely warmed to 34°C, similar light response characteristics were observed for both M1 (n ϭ 3) and M2 (n ϭ 3) cells as seen at room temperature (data not shown).
To further examine the source of the synaptic input to M1 and M2 cells, irradiance response experiments using narrowbandpass-filtered 360 or 500 nm light were performed in Opn4 Ϫ/Ϫ mice. At these wavelengths, light should effectively stimulate S-cone pigment ( max ϭ 360 nm) and M-cone pigment ( max ϭ 511 nm), with 360 nm light stimulating S-cone pigment ϳ10-fold more than M-cone pigment and 500 nm light stimulating M-cone pigment Ͼ100,000-fold more than S-cone pigment (Jacobs et al., 1991; Nikonov et al., 2006) . All M1 cells stimulated with either 500 nm (n ϭ 7) or 360 nm (n ϭ 5) light responded with a sustained depolarization (Fig. 4A,C) . The average stimulus intensity at which a response was first observed in M1 cells was 12.3 Ϯ 0.7 log photons ⅐ cm Ϫ2 ⅐ s Ϫ1 for 500 nm light and 12.1 Ϯ 0.3 log photons ⅐ cm Ϫ2 ⅐ s Ϫ1 for 360 nm light, within the photopic range (Dacey et al., 2005) (Fig. 4E) . Furthermore, all M2 cells stimulated with either 500 nm (n ϭ 7) or 360 nm (n ϭ 5) light responded with large, fast, and sustained depolarizations (Fig. 4B,D) . The average stimulus intensity at which a response was first observed in M2 cells was 11.6 Ϯ 0.4 log photons ⅐ cm Ϫ2 ⅐ s Ϫ1 for 500 nm and 11.9 Ϯ 0 log photons ⅐ cm Ϫ2 ⅐ s Ϫ1 for 360 nm, within the photopic range ( Fig.  4E) (Dacey et al., 2005) . The fact that the threshold for M1 and M2 cell responses is within the photopic range indicates that the responses measured in this study are most likely originating from the cone On pathway. This is unsurprising given that we are recording ipRGC responses in the isolated retinal preparation where the retina is physically isolated from the retinal pigmented epithelium so that cones, but not rods, are able to regenerate chromophore and avoid bleaching . Furthermore, the fact that ipRGCs receive light-evoked synaptic inputs at both 360 and 500 nm with similar thresholds indicates that both S ( max ϭ 360 nm) and M ( max ϭ 511 nm) cone pigments might participate in ipRGC synaptic signaling.
Integrated light-evoked current of M2, but not M1 cells, is dominated by On pathway Subsequent experiments were focused on comparing the magnitude of the contribution of intrinsic (i.e., melanopsin-mediated) and extrinsic (i.e., synaptically mediated) light-evoked responses in M1 and M2 cells. We first recorded in voltage-clamp mode from WT mice in which both the synaptic and melanopsinmediated light responses are present. In these animals, M1 cell light responses to 10 s bright white light stimuli in WT mice were dominated by large, slow, and sustained inward currents similar to those reported previously Schmidt and Kofuji, 2009 ) (Max current: Ϫ206.3 Ϯ 23.4 pA, n ϭ 8; total charge: 796.9 Ϯ 63.1 pC, n ϭ 8) (Fig. 5A,C,D) . Light responses in WT M1 cells persisted for several seconds following the termination of light stimulus (DT: 3345.0 Ϯ 651.3 ms, n ϭ 8). M2 cells in WT mice showed a large, fast inward current that quickly terminated following light offset (Max current: Ϫ125.0 Ϯ 22.3 pA, n ϭ 6; total charge: 829.4 Ϯ 147.4 pC, n ϭ 6; DT: 506.1 Ϯ 72.0 ms, n ϭ 6) (Fig. 5A,C,D) . In contrast, in Opn4 Ϫ/Ϫ mice in which the intrinsic photosensitivity is lacking, M1 cells responded to light with a significantly smaller inward current and significantly less charge throughout the light stimulus compared with WT (Max current: Ϫ58.0 Ϯ 25.5 pA, n ϭ 10, p Ͻ 0.05, t test; total charge: 259.2 Ϯ 111.5 pC, n ϭ 10, p Ͻ 0.05, t test) (Fig. 5B,C,D) . M1 cell light responses terminated significantly faster in the knock-out mouse (DT ϭ 324.1 Ϯ 69.4 ms, n ϭ 10, p Ͻ 0.001, t test) compared with WT. M2 cells in the Opn4 Ϫ/Ϫ mice, in contrast, had light responses that were indistinguishable from WT (Max current: Ϫ200.3 Ϯ 33.3 pA, n ϭ 8, p Ͼ 0.05, t test; total charge: 1333.7 Ϯ 279.3 pC, n ϭ 8, p Ͼ 0.05, t test; DT: 366.9 Ϯ 73.6 ms, n ϭ 8, p Ͼ 0.05, t test) (Fig. 5B,C,D) . Thus, light responses in M1 cells are driven primarily by their intrinsic photosensitivity and exhibit the long-latency and prolonged time course following light stimulation characteristic of melanopsin-mediated phototransduction. The dominant role of intrinsic photosensitivity for M1 cell photic responses is confirmed in the Opn4 Ϫ/Ϫ mice where the light-evoked responses were significantly smaller than , M2 cell to 500 nm light stimulus at 14.7 log photons ⅐ cm Ϫ2 ⅐ s Ϫ1 (B), M1 cell to 360 nm light stimulus at 13.4 log photons ⅐ cm Ϫ2 ⅐ s Ϫ1 (C), and M2 cell to 360 nm light stimulus at 12.9 log photons ⅐ cm Ϫ2 ⅐ s Ϫ1 (D). E, Average intensity (log photons ⅐ cm Ϫ2 ⅐ s Ϫ1 ) at which a synaptic response was detectable for M1 and M2 cells to 500 nm (black bars) and 360 nm (gray bars) light stimuli.
in WT. Light responses in M2 cells, on the other hand, are driven primarily by the On pathway via synaptic transmission at photopic light intensities. Light responses exhibit comparatively faster kinetics of activation and termination than M1 cells, and responses of M2 cells were largely preserved in the melanopsinnull mice.
On-pathway input strongly modulates light response of M2 ipRGCs
Our results recorded in voltage clamp indicate that the integrated light-evoked current of M1 cells is dominated by the intrinsic photoreceptive system while the integrated light-evoked current of M2 cells is dominated by cone-mediated On-pathway input at bright light intensities. Given the diversity of the intrinsic membrane properties (Schmidt and Kofuji, 2009) , and degree of intrinsic and extrinsic influences on M1 versus M2 cells, we hypothesized that the On channel inputs might differentially modulate the light response of these two distinct ipRGC subtypes. To test this, we recorded light responses in whole-cell current-clamp mode from WT M1 and M2 ipRGCs to a 5 s bright, full-field, white light stimulus first in control Ames' media and then following inclusion of 100 M L-AP4 in bath to selectively silence On channel inputs. Both M1 and M2 cells responded to the light stimulation with large, rapid depolarizations (Fig. 6 A,B) . Upon bath application of L-AP4, M2 cells responded to light with small, sluggish depolarizations (Fig. 6 B) , consistent with the intrinsic, melanopsin-mediated response of M2 cells previously reported (Schmidt et al., 2008; Schmidt and Kofuji, 2009 ). M1 cells, however, continued to respond to bright light stimulation with large depolarizations, and only a small decrease in latency (Fig. 6 A) . These effects were reversed upon washout (Fig. 6 A,B) . When the maximum depolarization evoked by light was quantified, M2 cells did indeed show a significant decrease in the maximum light-evoked depolarization in the presence of L-AP4 (control: 24.1 Ϯ 2.4 mV vs L-AP4: 8.7 Ϯ 1.6 mV, n ϭ 9, p Ͻ 0.05, One-way ANOVA) (Fig. 6C) . L-AP4 application to M2 cells also resulted in a significant increase of 10 -90% in RT (2.1 Ϯ 0.7 s, n ϭ 9, p Ͻ 0.05, t test) as well as a significant increase in DT to 37% of maximum (20.8 Ϯ 5.4 s, n ϭ 7, p Ͻ 0.01, t test). The light-evoked depolarization of M1 cells in control vs L-AP4 conditions did not change (control: 21.1 Ϯ 1.1 mV vs L-AP4: 19.3 Ϯ 1.6 mV, n ϭ 8, p Ͼ 0.05, One-way ANOVA) ( Figure 6C ). Furthermore, there were no significant changes in RT (0.18 Ϯ 0.2 s, n ϭ 8, p Ͼ 0.05, t test) and DT (0.07 Ϯ 0.8 s, n ϭ 8, p Ͼ 0.05, t test) following L-AP4 application to M1 cells. These results indicate that the On-pathway makes a relatively minor contribution to the total light-evoked depolarization observed in M1 cells and does not significantly affect the latency at light onset or offset for the M1 population as a whole. In contrast, the On pathway evokes a sustained light-evoked depolarization in M2 cells that served to enhance both the magnitude and kinetics of the light response at photopic light intensities.
To ensure that the patterns observed were not attributable to washout of the intrinsic response due to dialysis of the intracellular contents as a result of the whole-cell recording mode, we also performed extracellular loose-patch or cell-attached recordings of M1 and M2 cells in the WT mouse. We found that under control conditions, M2 cells (n ϭ 4) responded to increasing intensities of white light with short-latency responses of increasing spike frequency similar to those observed in whole-cell recordings (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). M2 cells also showed cessation of firing at light offset followed by a rebound in the firing rate, consistent with patterns observed in whole-cell current-clamp mode (Fig.  6 B) . Furthermore, application of L-AP4 to M2 cells (n ϭ 5) resulted in a substantial reduction of both spike frequency and slower kinetics at light onset and offset (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), with cells continuing to fire following light offset in the presence of L-AP4. These patterns again support our observations made in whole-cell recordings (Fig. 6 B) . Loose-patch or cell-attached recordings of M1 cells (n ϭ 5) to increasing intensities of white light revealed responses that were relatively sluggish at lower light intensities and sustained at light offset, again similar to our wholecell recordings and consistent with the firing being driven primarily by melanopsin-mediated phototransduction (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Furthermore, upon L-AP4 application, no substantial differences were observed in the kinetics of the light response of M1 cells at light onset or offset (n ϭ 3), again similar to the sustained depolarization at light offset observed our whole-cell recordings (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material; Fig. 6 A) . Collectively, our extracellular recording results support the results obtained in our whole-cell recordings that the primary influence on the light response of M2 cells is driven by the On pathway while M1 cells rely primarily on their intrinsic, melanopsin-mediated phototransduction.
We next investigated the effects of cone-driven On-pathway input on the intensity-response relations of M1 and M2 cells. Because M1 cells have been shown to be ϳ1 log unit more intrinsically sensitive to 480 nm light than M2 cells (Schmidt and Kofuji, 2009 ), we expected that the On channel input would differentially influence the overall light sensitivity of these two subtypes. To test this, we recorded responses in whole-cell current-clamp mode to increasing intensities of white light in the absence or presence of L-AP4. Both M1 and M2 cells responded to increasing intensities of light with increasing depolarization under both conditions. We observed small, fast synaptic inputs to M1 cells at low light intensities (Fig. 7A ) that were not observed in the presence of L-AP4 (Fig. 7B) . These synaptic responses were often first observed at intensities at or just subthreshold to the intrinsic response, which could clearly be discerned as a separate component at low light intensities in some M1 cells. When the normalized, maximum depolarization of M1 cells was averaged for each light intensity, we measured a significant increase in the maximum depolarization in control vs L-AP4 only at higher light intensities (Ϫ4.5 and Ϫ4 log I , control: n ϭ 8, L-AP4 n ϭ 5, p Ͻ 0.05, t test) but not near threshold. These results indicate that the On channel did not significantly influence the sensitivity of M1 cells either near threshold or near the IR50 (Fig. 7A-C) , and may actually serve to saturate the light response at lower light intensities. We also observed robust synaptic inputs to M2 cells at low light intensities in control conditions. The threshold for synaptically evoked responses occurred at intensities that were at least a log unit lower than the threshold for M2 cells observed in the presence of L-AP4 (Fig. 7 D, E) . When the normalized maximum depolarization of M2 cells was averaged for at each light intensity, we measured a significant increase in the normalized maximum depolarization in control vs L-AP4 at intensities near threshold (Ϫ6, Ϫ5.5, Ϫ5 log I , control: n ϭ 8, L-AP4 n ϭ 6, p Ͻ 0.05, t test), but not at higher light intensities. In the case of M2 cells, the On pathway greatly enhanced the response of M2 cells near threshold and served to increase the dynamic range of the response (Fig.  7F ) . These experiments again demonstrate that the cone-driven On-pathway has fundamentally distinct roles in shaping the light-evoked responses and sensitivity of M1 and M2 cells. respectively, we hypothesized that the On pathway might also differentially modulate the resting discharge of M1 and M2 ipRGCs at rest. To test this hypothesis, we targeted single ipRGCs for whole-cell, current-clamp recordings in WT mice. After whole-cell access, we allowed cells to dark adapt for 5-10 min and then continuously monitored V m in the absence and then presence of 100 M L-AP4 (Fig. 8 A,B) . Compared with control conditions (V m ϭ Ϫ58.4 Ϯ 1.8 mV), M2 cells were significantly more hyperpolarized in the presence of L-AP4 (V m ϭ Ϫ63.0 Ϯ 1.5 mV, n ϭ 9, t test, p Ͻ 0.01; Figure 8B-D) , consistent with patterns observed by previous studies of other On RGC types (Margolis and Detwiler, 2007) . M1 cells, in contrast, depolarized slightly upon L-AP4 application (Ϫ50.5 Ϯ 0.7 mV) when compared with control conditions (Ϫ52.9 Ϯ 1.1) though this trend was not significant (n ϭ 8, p ϭ 0.053, t test; Figure 8A,C,D) . DL-AP4 application in ionic Ames' solution containing 2 mM cobalt (Do et al., 2009 ) (see Materials and Methods) to block all other synaptic transmission did not result in any changes in V m of either M1 (n ϭ 3) or M2 cells (n ϭ 4) (data not shown), indicating that the effect of L-AP4 was not due to direct action on the ipRGCs themselves. Collectively these results indicate that the On pathway exerts a tonic excitatory influence on M2 cells at rest, but not on M1 cells. 3A , available at www.jneurosci.org as supplemental material) and showed fast onset and offset kinetics when stimulated with light with little or none of the afterdischarge following light offset typical of M1 cells (supplemental Fig. 3B-D) . These cells were qualitatively identifiable as outliers, and thus not included in the analyses though each cell had dendrites that clearly all stratified in the Off sublamina of the IPL. (Examples of each "atypical" M1 cell can be seen in supplemental Fig. 3 , available at www.jneurosci.org as supplemental material.) "Atypical" M1 cells have relatively dim EGFP signals and large dendritic arbors that extend through the On sublamina before diving down into the Off sublamina of the IPL (Schmidt TM and Kofuji P, unpublished observations). These cells are very rare, and may be a developmental anomaly or an actual physiological subset of the M1 population.
Discussion
We have used pharmacological manipulations in a transgenic mouse line in which ipRGCs are labeled in vivo with EGFP in a wild-type or melanopsin-null genetic background to examine the relative influence of the On pathway on the lightevoked and resting discharge of M1 and M2 cells. The primary finding of this study is that the On pathway constitutes the dominant excitatory synaptic input to both M1 and M2 cells at bright light intensities. While this pathway is critical in shaping the light-evoked and resting discharge of M2 cells, the M1 cells are only modestly affected. Instead, M1 cells rely primarily on melanopsinmediated phototransduction to convey photic information to non-image-forming visual centers.
M1 cells morphologically resemble the Off RGCs in that the dendrites of M1 cells narrowly stratify in the outermost layer of the Off sublamina of the IPL while the dendrites of M2 cells stratify narrowly in the innermost layer of the IPL, morphologically paralleling On RGCs (Viney et al., 2007; Schmidt et al., 2008; Schmidt and Kofuji, 2009) . It has been suggested that because M2 cells have such small, insensitive melanopsin-mediated photocurrent and low input resistance that synaptic inputs might be more influential in shaping the light response this ipRGC subtype (Schmidt and Kofuji, 2009; Bailes and Lucas, 2010) . M1 cells, in contrast, with their large, sensitive melanopsin-mediated photocurrent and high input resistance, might be less influenced by synaptic inputs. Our results support these hypotheses, extending findings from our previous work to encompass diversity of not only intrinsic, but also synaptically evoked influences on M1 and M2 cell light responses. Recordings from Opn4 Ϫ/Ϫ mice indicate that M2 cells receive a large, excitatory cone-driven On-pathway synaptic input with light-evoked currents that displayed relatively fast kinetics upon light onset and offset and relatively sustained amplitude during the stimulus. Light-evoked synaptic currents in M1 cells were qualitatively similar, but their overall magnitude was consistently smaller than those recorded in M2 cells. These differences in the excitatory drive by the conemediated On pathway were also seen in current-clamp recordings, with larger depolarizations for M2 cells than M1 cells. Furthermore, when we measured the integrated light-evoked current and depolarizations in WT mice, we found that with melanopsin-mediated signaling intact, the On pathway's contribution to the M1 cell light response was minimal. However, the light responses of M2 cells were largely unchanged in mouse lines where melanopsin-mediated signaling was intact (WT) or nonfunctional (Opn4 Ϫ/Ϫ ). Furthermore, application of L-AP4 reduced the amplitude and slowed the kinetics of the M2 cell light response, indicating that the On pathway is the dominant influence during light stimulation for M2 cells.
We have demonstrated that M2 cells are depolarized by the On pathway at rest, indicating that there is a tonic excitatory drive to M2 cells, even in the dark, that can be blocked by L-AP4 application. M1 cells, in contrast, are possibly hyperpolarized by the On pathway in the dark, but the effect of L-AP4 application in depolarizing M1 cells was not significant. These data are in line with results reported previously indicating that other types of On RGCs are modulated by the On pathway rest (Margolis and Detwiler, 2007) . M2 cells have a very hyperpolarized V m when synaptic inputs are blocked, as well as a low input resistance (Schmidt and Kofuji, 2009) . It is thus possible that a tonicdepolarizing drive via the On pathway serves to keep M2 cells close to or at threshold for action potential firing. The lack of a tonic excitatory drive to M1 cells in the dark is suggestive that their input synapses have a relatively low rate of basal glutamate release in the dark or are perhaps occurring at such low densities that they are not able to influence V m , especially with the large inhibitory drive these cells receive at rest (Wong et al., 2007; Dumitrescu et al., 2009 ).
Electron microscopy and immunohistochemical studies have identified synaptic contacts to On and Off-stratifying ipRGCs (Belenky et al., 2003; Jusuf et al., 2007; Østergaard et al., 2007) . Recent work in both rodent and rabbit has identified en passant or ectopic synapses of On cone bipolar cells onto M1 ipRGCs as well as dopaminergic amacrine cells in the Off sublamina of the IPL (Dumitrescu et al., 2009; Hoshi et al., 2009) . The study by Dumitrescu et al. (2009) demonstrated functionality of the On inputs to the displaced M1 cells, the somas of which are displaced in the INL and the dendrites of which never pass through the On sublamina. Furthermore, in the macaque, both On and Offstratifying ipRGCs (possible corollaries of M1 and M2 cells) were reported to receive similar excitatory drive at light onset, but differential influence of the On pathway was not reported (Dacey et al., 2005) . Our study provides the first evidence that excitatory synaptic sites are not equally effective in driving light-evoked responses in ipRGC subtypes. Our approach using melanopsinnull mice to measure purely synaptic currents and depolarization of both nondisplaced M1 and also M2 cells has allowed, for the first time, examination of the properties of the synaptic inputs throughout the duration of the light stimulus without contamination by melanopsin-mediated signaling. The synaptic currents and depolarizations evoked in both M1 and M2 cells are relatively sustained compared with other ganglion cell types (Wong et al., 2007) . It has been suggested that perhaps On bipolar cell inputs within the Off sublamina are more sustained than conventional On bipolar cell synapses within the On sublamina (Dumitrescu et al., 2009 ). However, the responses of M1 and M2 cells appear qualitatively similar, indicating that perhaps these subtypes of ipRGC could share input from a single cone bipolar cell subtype, which could be Type 6, 7 or 8 (Viney et al., 2007; Dumitrescu et al., 2009) , with M1 cells receiving inputs within the "accessory On sublamina" reported by Dumitrescu et al. (2009) and M2 cells receiving these inputs via more conventional synapses with cone On bipolar cells in the On sublamina. M1 synaptic responses measured in melanopsin-null mice in both current and voltage clamp were consistently smaller than those of M2 cells, which could be due to the relatively low density of synapses to M1 cells relative to M2 cells (Jusuf et al., 2007; Dumitrescu et al., 2009) . Alternatively, the smaller responses of M1 cells could be due to smaller net excitation due to the presence of inhibitory inputs (Wong et al., 2007) .
Stimulation of both M1 and M2 ipRGCs with narrowbandpass-filtered 500 or 360 nm light resulted in responses in both subtypes, indicating that both the S and M cone pigments might be involved in synaptic signaling to ipRGCs. Furthermore, because, in our preparation, the threshold for responses to both of these wavelengths occurred within the photopic range (Dacey et al., 2005) , it can be concluded that we are principally measuring cone signaling to ipRGCs. This is also supported by the fact that most of the recordings were performed in response to bright white light after partial light adaptation of the isolated retinal preparation with epifluorescent illumination to localize EGFPpositive cells.
M1 and M2 cells have been demonstrated to differentially and specifically project to different NIF nuclei in the brain, with M1 cells forming the primary projection to the SCN but both M1 and M2 cells substantially innervating the OPN (Baver et al., 2008; Ecker et al., 2010) . Recent studies have highlighted an important role for rod, but apparently not cone, phototransduction in circadian photoentrainment Lall et al., 2010) . Thus, our findings that M1 cells are not highly influenced by the cone pathway together with the fact that M1 cells form the primary projection to the SCN indicate that perhaps M1 cells serve mainly to relay rod and melanopsin-mediated information to NIF visual centers, while M2 cells are the primary conduit for cone-mediated information. This would implicate M2 cells in behaviors highly influenced by cone inputs through ipRGCs, such as the PLR (Lall et al., 2010) . One might predict a larger influence of rod-mediated input on M1 vs M2 cell light responses, and this will be an important area for future study.
In summary, we demonstrate the distinctive synaptic influence from the On pathway on M1 and M2 cells. Our results suggest that M1 cells carry primarily information related to melanopsinmediated signaling while M2 cells are the primary conduit for conemediated signaling to non-image-forming brain centers. These findings further support the idea that distinct ipRGC subtypes may signal distinct light information to the brain and have distinct influences on non-image-forming behaviors.
